A new method to predict high and low-temperature ignition delays under transient thermodynamic conditions and its experimental validation using a Rapid
Compression-Expansion Machine integral.
188
Despite the fact that Eq. 3 represents a method to predict ignition delays, and normalized pressure rise rate, both obtained from CHEMKIN for T i =408 K,
is reached, the time at which the maximum concentration of HO 2 occurs is 201 predicted and, therefore, the ignition delay referred to cool flames is obtained.
202

Prediction of the high-temperature stage
203
The maximum heat release rate occurs when all the chain carriers are as:
where τ 2 represents the ignition delay referred to the maximum heat release can be obtained as follows: delays predicted for both integrals, t i,CC and t i,2 , are also virtually the same.
239
A more detailed explanation about this theoretical development can be found 240 in Appendix A.
241
Figure 2: Accumulated area of Eq. 3 and Eq. 5 compared to the concentration of chain carriers (CH 2 O) and the pressure rise rate. T i =408 K, P i =0.14 M P a, CR=15, X O2 =0.147, F r=0.4, n-heptane. (driver piston), which is directly connected with the combustion chamber.
Materials and methods
278
Piston 3 is hydraulically driven and it can be adjusted to select the com- The technical characteristics of the RCEM can be seen in Table 1 50mm of bore and 2.2mm in depth, which allows the axial optical access.
291
As the bowl is flat, the chamber images can be recorded without any image affected by the gas in-flow due to its low speed. An initial gas temperature 301 equal to the wall temperature is achieved due to the long duration of the 302 intake process.
303
The cylinder head is instrumented with a Kistler 7061B cooled piezoelec- 
318
The desired stroke of the machine is selected and the RCEM is heated up 319 to the desired temperature. The synthetic air-EGR mixture is prepared in smaller than 1% of the mean ignition delay value.
333
In this work the autoignition of the mixture is considered to be produced 
CHEMKIN and chemical kinetic mechanisms
Parametric study performed
376
The performed experimental study was as follows:
377
• Fuel: n-heptane and iso-octane.
378
• Initial temperature (T i ): 358K (only for n-heptane), 383K, 408K,
379
433K and 458K.
380
• Initial pressure (P i ): 0.14MP a and 0.17MP a.
381
• Compression stroke: 249mm.
382
• Compression ratio (CR): 15 and 17.
383
• Oxygen molar fraction (X O 2 ): 0.21 (0% EGR), 0.147 (30% EGR), 0.126
384
(40% EGR) and 0.105 (50% EGR).
385
• Equivalence ratio (F r): from 0.3 to 0.8 depending on the fuel and on 386 the oxygen mass fraction.
387
The maximum equivalence ratio is limited by the working oxygen molar 
Validation and results
395
Ignition delays obtained solving the n-heptane and iso-octane detailed 
Predictive methods applied to cool flames
where t i,1 represents the time of ignition (ignition delay under transient con- T i =408 K, P i =0.14 M P a, CR=15, X O2 =0.147, F r=0.4, n-heptane.
of 95% are summarized in Table 3 
Predictive methods applied to the high exothermic stage
453
Ignition delays referred to a maximum pressure rise rate are obtained 454 experimentally and by direct chemical kinetic simulations in CHEMKIN.
455
Moreover, three different predictive methods have been evaluated now:
456
• The integral method described by Eq. 3 and Eq. 5 has been used,
457
assuming CH 2 O as a chain carrier.
458
• The Livengood & Wu integral method (Eq. 1) has been applied by 459 using a τ 2 function referred to a maximum pressure rise.
460
• The alternative integral proposed by Hernandez et al.
[19] has also 461 been evaluated for the cases that show cool flames.
462
This last alternative method consists of solving the following two integrals:
where t i,1 and τ 1 represents ignition delays referred to cool flames and t i,2
464
and τ 2 represents ignition delays referred to the maximum pressure rise rate.
465
Obviously, it is not possible to use this method with fuels that show a single-
466
stage ignition, and therefore it has been evaluated only for n-heptane.
467
It should be noted that the new method proposed in this paper (Eq. 3 and 
471
The percentage deviation in ignition delay, ǫ, was calculated in order to 472 compare more easily experimental and simulation results. This deviation is 473 defined as follows:
where t i,2 represents the time of ignition (ignition delay under transient con- three compared to n-heptane in the case of the iso-octane sub-mechanism.
497
The confidence intervals for| ǫ| with a confidence level of 95% are summa- 
